Abstract -Dust storms can degrade visibility and increase atmospheric attenuation. Therefore, microwave (MW) propagation is severely affected by dust storms in many parts of the world. Air-born dust particles may affect electromagnetic waves during a dust storm. In this paper airborn dust particles effects are studied based on measured visibility. Recent analytical and numerical models results are compared to the measured at 14 GHz. Consequently, measured attenuation is significantly greater than the predicted using recent analytical and numerical models.
I. INTRODUCTION
Dust storms are one of the main components in the environmental structure although, they present a range of potential risks to the environmental and economic sustainability of human society. Suspended dust particles effects on Microwave propagation has emerged as a field which has attracted the scholars interests recently [1] [2] [3] [4] [5] . Demand on high data rates, improvement of quality levels and availability of satellite communication, terrestrial links and the emergence of the 5th generation motivated researcher to study these effects thoroughly. However, dust storms directly affect arid areas such as North-East Africa, Middle -East , large parts of China and India and southwest parts of USA , these effects can be extended to other parts. Dust and sand storm events involve long-range transport over great distances.
When a microwave signal encounters precipitating particles (rain, snow and dust) the signal get attenuated due to two physical phenomenon,(A) scattering and (B) absorption of the energy of these particles. It has been found that scattering effect is more sever at frequencies higher than 10 GHz [4] . Calculation of the signal attenuation induced from dust particles has been done by two ways. Either by long term direct observations and statistical analysis of the measured data to articulate co-relations between the different variables [6] [7] [8] , or by analysis of electrical properties of dust particles to come up with mathematical models .
All conventional methods for attenuation prediction has been based solving Maxwell's equations either analytically or numerically. Numerical methods compute the scattering amplitude either by differentiation or integration using time/frequency domain, or volumetric integration of Maxwell's equations respectively [9] .
On the other hand , analytical methods use certain approximations to ease such complicated calculations. Consequently, Rayleigh approximation or Mie scattering are the cornerstone of all recent analytical models [4] .
Furthermore , numerical methods have been used to predict attenuation using different combinations to formulate suspended dust particles effects on Microwave signal [10] . Additionally, a model has been developed as a result of a formulation of wave propagation constant based on equivalent complex permittivity [11] .
Effective permittivity of dust storms has been calculated using Maxwell-Garnett formula.
Although, Analytical models have been developed theoretically ,their depends on empirical inputs is clearly realized. Therefore, measured dust particles properties such as particle shape ,size, dielectric constant, frequency and visibility constitute main inputs of these models [12] .
Consequently , variations in dust particle shape, size and dielectric constant is a real challenge facing interested scholars [13, 14] .
Air born dust particles can severely attenuate the Microwave (MW) and (MMW) signals. These effects depends on dust particle characteristics, wave-length and other environmental factors.
Therefore, studying suspended dust particles effects on Electromagnetic wave propagation is important for reliable terrestrial ,satellite, high altitude platform and 5th generation links. Therefore, this paper reviews the available dust storm attenuation prediction models and discuss their merits and faults. In addition, the paper compares between the recent prediction models with the measured results of a 2.6 km Microwave link at Ku band (14GHz) in Sudan. this paper is organized as follows: the following section review the recent prediction models from the literature. Section 3 presents experimental set up process. Section 4 Compares between measured results and the models predictions. Finally, the paper is concluded in Section 5.
II. AVILABLE MODELS
In this section, previous works regarding the dust storm attenuation prediction models are presented. Recent mathematical models can be classified in to four main categories based on their background as follows: Rayleigh approximation models, Mie scattering models , numerical models and effective material property model. The coming subsections will provide a detailed review on these models.
A. Rayleigh approximation models
Rayleigh is a simple scattering approximation method which is valid when the particle is very small relative to the wave length [15] .Therefore, based on the above method a model has been proposed to estimate the suspended dust particles effects as follows [16] .
where, Į is the attenuation, Ȝ is the wavelength in meters İ' , İ'' : the real and imaginary part of the dielectric constant of the dust particles. V0 is optical visibility in kilometres. e r is equivalent particle radius in meter.
In addition , Goldhirsh derived a mathematical model based on Rayleigh approximation for dust storm attenuation expressed by [17] :
V visibility in kilometers, Ȗ consistent value equals to 1.07 Ȝ is the wavelength in meters.
B. Mie scattering Models
Mie scattering is suitable at higher frequency when the particle radius is comparable to the wave length [4] . Consequently, a model has been derived to calculate attenuation as follows [18, 20] 
where f is the frequency in GHz. re is the equivalent particle radius in meters, equal to 30 m.
are constants depend on the particle dielectric constant (
In addition , a model based on Mie scattering has been proposed considering the variation of the dust particles dimensions as follows [4] :
where AP is the attenuation at a reference point. 
C. Numerical Models
The numerical methods have been used to ease Maxwell equations complications especially for the boundary conditions [9] .A combining two methods produced the following model [10] .
where K is an integer number of r r Δ max , max r and r Δ are the maximum particle radius in the storm and the incremental radius, respectively. ext σ is the extinction cross section.
D. Effective Material property Technique Model
This model has been proposed to estimate attenuation in dB/km using special combination as follows [11] : ( ) ε and " ε are the real and imaginary parts of * eq ε , and * eq ε is the complex relative permittivity of sand and dust.
III. EXPERIMET SET UP AND COLLECTION OF MESURED DATA
This paper aims at comparing the measured data with the recent dust storm prediction models results, however, these models are based on different theories and techniques. Therefore, the experiment has been designed to consider all aspects such as : Microwave link length , frequency , polarization and meteorological parameters.
An operating Microwave link has been selected based on the mention criteria to be monitored for one year. Shakeer-Magharba link is located north-east Khartoum operating at 14.4 GHz, horizontally polarized and 2.6 Km length. An Automatic weather station is located in Khartoum airport is used to monitor different meteorological parameters simultaneously. The distance between the Microwave link and the automatic weather station is 5.5 Km as shown in Figure 1 . Visibility was measured using Vaisala Transmissometer model LT31 [19] ; an optical range from 10 to 10,000 meters with 1 min integration time and accuracy of % 3 ± was obtained.
Moreover, the meteorology station is equipped with various types of sensors such as : temperature , relative humidity , wind speed and wind direction. Khartoum has experienced 22 dust storms during the experiment period from 1st June 2014 to 31th May 2015. The received signal levels for Shakeer-Magharba link were collected at Khartoum, Sudan from 1st June, 2014 to 31st May, 2015 with 92 % availability. On the other hand, Visibility data has been collected for the same period with 95% availability. 
A. Visibility
Generally, optical visibility is used to measure the intensity of dust storm. It is considered such a genuine parameter that meteorological observations of dust storms are based upon it. Figure 2 shows the cumulative distribution function of the optical visibility based on the collected data using Vaisala Transmissometer LT31. The records include all events during which optical visibility was reduced below 10 km as a result of dust storms in Khartoum.
B. Attenuation Due to Dust storm
Cumulative distribution function for the measured specific attenuation due to dust storm for ShakeerMagharba link is shown in Figure 3 . Measured total attenuation is converted to dB/Km by assuming the intensity of dust storm is uniform over the entire link as follows as shown in the following equation. 
Measured specific attenuation is compared at the same conditions to the predicted attenuation obtained by Goldhirsh , A.S. Ahmed, Zain Elabdin, Xiao-Ying Dong Hsing-Yi Chen, and S. M. Sharif at 14 GHz and plotted in Figure 4 .
It has been shown that measured attenuation is greater than 6 dB/Km at visibility of 0.084 Km , respectively, while for the same visibility level the predicted attenuation from Ahmed's model is 0.58 dB/Km .Thus, recent analytical and numerical models predictions fall far behind the measured attenuation at 14 GHz. Recent analytical and numerical models are based on certain assumptions on dust particle shape, size and limited measurements on dielectric constants . Conversely, recent studies have shown that dust particle shapes are random in and it is very difficult to assume a particular shape. Moreover, dust particle dielectric constant vary differently depending on frequency and moisture content. Additionally, recent particle size measurements shows normal distribution with means 47 m and 66m [8] .
C. CONCLUSION
This paper aims at investigation of dust storm effects on Microwave signal propagation from real environment. Therefore air born dust particle effects on Microwave signal is monitored in Khartoum, Sudan for one -year using Shakeer-Magharba Microwave link operating at 14GHz and optical visibility simultaneously. Additionally, a comparison has been made between measured specific attenuation at 14GHz and Recent analytical and numerical prediction models at same conditions. It has been found that The measured attenuation is at least ten times higher than the analytical and numerical models predations. Thus, a modification for the recent analytical and numerical models is needed , based on measured attenuation and measured dust particle characteristics.
